Objective: The aim of this study was to evaluate thyroid functions in Cushing's syndrome (CS), the dynamic changes of thyroid hormones and antithyroid antibodies in Cushing's disease (CD) pre-and postoperatively. Design and methods: This is a retrospective study enrolling 118 patients with CS (102 CD, 10 adrenal CS and 6 ectopic adrenocorticotropic syndrome (EAS)). Thyroid functions (thyroid-stimulation hormone (TSH), T3, free T3 (FT3), T4 and free T4 (FT4)) were measured in all CS at the time of diagnosis and in all CD 3 months after transsphenoidal pituitary tumor resection. Postoperative hormone monitoring within 3 months was conducted in 9 CD patients completing remission. Twenty-eight remitted CD patients experienced hormone and antithyroid antibody evaluation preoperatively and on the 3rd, 6th and 12th month after surgery. Results: TSH, T3 and FT3 were below the reference range in 31%, 69% and 44% of the 118 CS patients. Remitted CD patients (81/102) had significantly higher TSH (P = 0.000), T3 (P = 0.000) and FT3 (P = 0.000) than those in the non-remission group (21/102). After remission of CD, TSH, T3 and FT3 showed a significant increase, with a few cases above the reference range. By 12 months, most CD patients' thyroid functions returned to normal. Thyroid hormones (including TSH, T3 and FT3) were negatively associated with serum cortisol levels both before and after surgery. No significant changes of antithyroid autoantibodies were observed. Conclusions: TSH, T3 and FT3 are suppressed in endogenous hypercortisolemia. After remission of CD, TSH, T3 and FT3 increased significantly, even above the reference range, but returned to normal 1 year after surgery in most cases. Antithyroid antibodies did not change significantly after remission of CD.
Introduction
Cushing's syndrome (CS) comprises diverse manifestations resulting from chronic exposure to excess glucocorticoids. The incidence is 0.2-5.0 per million people per year. Approximately 80% of endogenous CS is adrenocorticotrophin (ACTH)-dependent (1) , and 20% is ACTH-independent. Pituitary corticotroph adenoma (Cushing's disease (CD)) is the most common cause (2), followed by primary unilateral adrenal adenomas and ectopic adrenocorticotropic syndrome (EAS). The clinical presentation includes reddish purple striae, plethora, proximal muscle weakness and metabolic disorders (central obesity, hypertension, diabetes mellitus and dyslipidemia).
The inhibitory effect of hypercortisolemia on the hypothalamic-pituitary axis is most commonly characterized by menstrual abnormalities in adults and growth retardation in children. Besides, the thyroid hormone changes in hypercortisolemia have been reported since 1952. Fredrickson et al. described that massive doses of cortisone acetate decreased iodine-131 (I 131 ) accumulation in the thyroid of euthyroid patients (3) . Dexamethasone administration (16 mg daily for 2.5 days) was reported to reduce the thyroid-stimulating hormone (TSH) and free T3 (FT3) secretion and blunted the TSH response to thyrotropin-releasing hormone (TRH) (4) . Regarding endogenous hypercortisolemia, a study of three patients with adrenal CS showed similar results (5) . Kuku reported that serum TSH response to TRH was impaired in eight patients with CD. The impairment was relieved after a pituitary implant of 198 Au (6) . Primary cortisol deficiency was reported concomitant with high TSH and low FT3. After cortisone administration, TSH returned to normal. However, serum cortisol and TSH showed no significant correlation (7) .
In 2013, Tamada et al. first reported 'hyperthyroidism' in two CS patients after surgery due to 'syndrome of inappropriate secretion of TSH' (SITSH) associated with the insufficient replacement of hydrocortisone (HC) (8) . Free T3 and TSH were normalized after a HC dose increase (8) . Then, the same group investigated the clinical course in eight CS patients and found that free T3 levels were above the reference range in 75% of patients up to 6 months after surgery, and all returned to normal within 1 year (9). They suggested that cured CS patients might develop high T3 or T4 with normal or elevated TSH (8) .
Endogenous CS is an uncommon disease. There has not yet been a large sample in which the clinical course of thyroid hormone changes was studied before and after remission of endogenous CS. In clinical practice, because of the lack of knowledge about this condition, some CS patients' thyroid functions may be mistaken as evidence of hypothyroidism or hyperthyroidism after surgery and even led to the medication of antithyroid drugs.
The aim of our study was to evaluate the thyroid functions of patients with CS, compare the hormone levels in patients with different etiologies, and investigate the clinical course of fluctuations of thyroid hormones in patients with CD pre-and postoperatively.
Patients and methods

Patients
This study included 118 CS patients who were hospitalized in the Department of Endocrinology and Metabolism of Huashan Hospital between January 2013 and April 2016. They were diagnosed with either CD (n = 102, median age: 36.0 years, range 13-63 years, female/male: 90/12), adrenal CS (n = 10, median age: 36.5 years, range 21-57 years, female/male: 8/2) or EAS (n = 6, median age: 49.0 years, range 22-72 years, female/male: 5/1). All subjects had a comprehensive clinical evaluation by the same group of endocrinology specialists and all patients with CD underwent primary resection at our institution by the same surgeon. None of the patients had a history of thyroid diseases.
Methods
Data on clinical findings, laboratory findings, imaging findings, treatment and outcome were obtained. All CD patients (microadenomas: 88/102, macroadenomas: 14/102) underwent transsphenoidal pituitary tumor resection (TSS) through a microscope or endoscope. Remission was defined as morning serum cortisol levels lower than 5.0 μg/dL within 7 days of selective tumor resection (10) . The cortisone replacement began after remission, and cortisone dosage prescribed was based on the serum cortisol levels and the symptoms. Thyroid hormones (TSH, T3, FT3, T4 and free T4 (FT4)) and serum cortisol were measured in all 118 patients before treatment. In all 102 CD patients, thyroid hormones and serum cortisol were measured 3 months after surgery. The hormones were measured before surgery and 1 day, 2 weeks, 1 month, 2 months and 3 months after surgery in nine CD patients completing remission. In 28 remitted CD patients, the hormones and antithyroid autoantibodies were measured 3, 6 and 12 months after surgery.
Hormonal assays
Samples were obtained at 08:00 h before any medication. Serum thyroid hormones (TSH, T3, FT3, T4 and FT4) and antithyroid autoantibodies (TPO-Ab and ATG) were assessed by immunoenzymometric assay method (ADVIA Centaur®; Siemens Healthcare Diagnostics Inc.). Serum cortisol was measured by chemiluminescent enzyme immunoassay (cobas® e 602, Roche Diagnostics).
Statistical analyses
Normal distributed continuous variables were expressed as mean values ± standard deviation (s.d.). T-test was used to compare means between groups. Simple linear regression coefficients and multiple regression analysis were used to examine the correlation among parameters. SPSS 20.0 (SPSS) was used. A two-tailed P value <0.05 was considered statistically significant.
Ethical approval
The study was approved by the ethics committee of Huashan Hospital attached to Fudan University (#KY2017-422). Consent has been obtained from each patient or subject after full explanation of the purpose and nature of all procedures used.
Results
At the time of diagnosis, TSH, T3, FT3, T4 and FT4 levels were below the reference range in 31%, 69%, 44%, 11% and 19% of 118 CS patients, respectively ( Table 1) . None of the patients had elevated thyroid hormones. In 33 (28%) patients, low TSH with low T3 or T4 was found. Regarding different etiologies, serum cortisol in patients with EAS was higher than that in adrenal CS (44.1 ± 17.1 μg/dL vs 30.1 ± 7.8 μg/dL, P = 0.04) and CD (44.1 ± 17.1 μg/dL vs 29.4 ± 10.1 μg/dL, P = 0.001). FT3 and FT4 in EAS were also the lowest, with significance when comparing with those in CD (FT3: 2.93 ± 0.76 nmol/L vs 3.68 ± 0.68 pmol/L, P = 0.009; FT4: 11.4 ± 1.6 nmol/L vs 13.9 ± 2.8 pmol/L, P = 0.035) ( Table 2) .
Three months after surgery, 81/102 CD patients developed remission. The median dose of cortisone acetate for post-surgery and 3rd-month replacement treatment were separately 50.0 mg/day (0~100 mg/day) and 25.0 mg/day (0~75.0 mg/day) in remission group. Twenty of the 81 remitted patients needed no more cortisone replacement on the third month. Postoperative TSH (2.42 ± 1.73 mIU/L vs 1.07 ± 0.82 mIU/L, P = 0.000), T3 (2.09 ± 0.77 nmol/L vs 1.08 ± 0.31 nmol/L, P = 0.000), FT3 (5.37 ± 1.37 pmol/L vs 3.70 ± 0.66 pmol/L, P = 0.000), T4 (93.1 ± 23.3 nmol/L vs 80.2 ± 18.4 nmol/L, P = 0.000) were higher than those before surgery ( Fig. 1 and Table 3 ). TSH in 11.1% (9/81), T3 in 4.9% (4/81) and FT3 in 17.3% (14/81) were above the reference range 3 months after surgery in the remission group. However, FT4 slightly decreased after surgery (before surgery: 13.8 ± 2.8 pmol/L, 3 months after surgery: 12.9 ± 2.7 pmol/L, P = 0.012). Moreover, elevated T3, FT3 and FT4 with nonsuppressed TSH were seen in 12/81 (14.8%) cases.
We investigated the clinical parameters between the remission and non-remission groups ( Fig. 1 and Table 3 ). Before surgery, serum cortisol and thyroid hormones showed no difference between the two groups. However, 3 months after surgery, TSH (P = 0.000), T3 (P = 0.000) and FT3 (P = 0.000) became significantly higher in the remission group. T4 of the two groups showed no difference (P = 0.668). FT4 levels in the remission group were lower than those in the non-remission group (12.9 ± 2.7 pmol/L vs 14.8 ± 2.7 pmol/L, P = 0.004).
Correlation analyses between levels of serum cortisol and thyroid hormones were conducted in the 112 CS patients before surgery and the 102 CD patients 3 months after surgery. Significant negative correlations between thyroid hormones and serum cortisol both before and after surgery were found (Table 4) . We also analyzed the correlations between tumor size and preoperative serum cortisol/thyroid functions in all the CD patients (n = 102), but the association turned out insignificant. Besides, the correlation among several parameters, including thyroid hormones, serum cortisol levels, age, gender, BMI and tumor size were analyzed using simple linear regression analysis (Table 5 ). It revealed marked negative correlations between serum cortisol levels and thyroid function parameters including TSH (P = 0.001), T3 (P = 0.000) and FT3 (P = 0.000) before surgery. In addition, BMI was positively associated with T3 (P = 0.005) and FT3 (P = 0.047) and age were inversely associated with FT3 (P = 0.015) and FT4 (P = 0.025). However, after surgery, the only variable significantly affecting thyroid hormones was serum cortisol (in postoperative analyses, the variable 'tumor size' was excluded).
For the nine remitted patients whose thyroid functions were closely monitored within 3 months, the Data are median (minimum-maximum).
median dose of cortisone acetate for post-surgery, second week, first month, second month and third-month replacement treatment were 50.0 mg/day (0~75.0 mg/day), 50.0 mg/day (0~50.0 mg/day), 25.0 mg/day (0~50.0 mg/day), 25.0 mg/day (0~50.0 mg/day) and 25.0 mg/day (0~50.0 mg/day). Two of the nine patients received no cortisone replacement after surgery (Fig. 2) . Among them, we found that TSH started to rise since the first day after surgery (the increase became statistically remarkable since the second week and the significance lasted till the third month). FT3 and T3 became lower on the first day and then rose up markedly. The changes of T4 and FT4 a Serum cortisol of EAS was significantly higher than that of adrenocortical adenoma (P = 0.04) and CD (P = 0.001).
b FT3 (P = 0.009) and FT4 (P = 0.035) in EAS were significantly lower than those in CD.
Figure 1
Comparison between remission (n = 81) and non-remission (n = 21) groups in CD patients before and 3 months after surgery. In the remission group, compared to those before surgery: serum cortisol level (A) dropped significantly; TSH (P = 0.000), T3 (P = 0.000), T4 (P = 0.000) and FT3 (P = 0.000) (panel (B, C, D and E)) showed significant increase; FT4 (F) slightly decreased after surgery (P = 0.012). Neither serum cortisol nor thyroid hormones showed notable difference before surgery between remission and non-remission group. Three months after surgery, with the reduction of serum cortisol in remission group, TSH (B), T3 (C) and FT3 (E) became significantly lower than those in the nonremission group (P = 0.000 for all three indexes). 
In the 28 patients of the remission group undergoing 1-year follow-up (Fig. 3) , serum cortisol level markedly dropped after surgery. The median dose of cortisone acetate for post-surgery, 3rd-month, 6th-month and 12th-month replacement treatment were 50.0 mg/day (0~75.0 mg/day), 25.0 mg/day (0~75.0 mg/day), 3.125 mg/day (0~62.5 mg/day) and 0 mg/day (0~25.0 mg/day). The proportion of patients receiving cortisone replacement for post-surgery day, 3rd month, 6th month and 12th month were 85.7, 67.9, 32.1 and 14.3% separately. Compared to those before surgery, TSH, T3 and FT3 showed constant significant increase postoperatively. Elevated TSH above the reference range was found in two, four and three patients on the 3rd, 6th and 12th month. High T3 was seen in only three patients on the third month and then all returned to normal in the 6th-and 12th-month evaluation. Abnormally elevated FT3 was seen in six patients on the 3rd month, two on the 6th month and then only one by 12 months. FT4 level dropped on the 3rd and 6th months but returned to no difference from the baseline level by 12 months.
The alternation of T4 was not notable, with 96.4% (27/28) of patients in the remission group constantly maintaining normal T4 level. Overall TPO-Ab and ATG showed no significant change during the 1-year follow-up.
Discussion
The changes of thyroid hormone in hypercortisolemia have been studied for 60 years. The results of previous studies were limited by small sample sizes and incomplete thyroid hormone indexes (8, 9) . We investigated thyroid function indexes (including TSH, T3, T4, FT3 and FT4) in 118 CS patients, which, to date, was the largest sample. We found that in the 118 CS patients, the incidence of low TSH, T3 and FT3 was relatively high (TSH, 31%; T3, 69%; FT3, 44%) before treatment. Besides, none of the thyroid function indexes was above the reference range in active CS. In addition, this is also the first report comparing thyroid hormones among CD, adrenal CS and EAS. We found that the levels of FT3 and FT4 in EAS group, who bore the highest serum cortisol level, were lower than those in CD and adrenal CS. Therefore, we recommend Comparison between remission and non-remission group 3 months after surgery. Table 4 Correlations between serum cortisol and thyroid hormones. testing for CS in patients with low thyroid hormones and low TSH.
In the 102 CD patients, the remission group had higher TSH, T3 and FT3 levels than the non-remission group on the third month after surgery. In the remission group, 11.1% (9/81) TSH, 4.9% (4/81) T3 and 17.3% (14/81) FT3 were above the reference range. Moreover, 14.8% (12/81) of patients in the remission group exhibited elevated thyroid hormones (T3, FT3 and FT4) with nonsuppressed TSH. Within the 3-month monitoring of the nine CD patients in remission group, we observed that TSH increased immediately 1 day after surgery and the increase started to exhibit significance since the second week postoperatively. T3 and FT3 levels went down 1 day after surgery and then rose up to markedly higher levels. Clinicians should be careful not to misdiagnose these conditions as hyperthyroidism and we recommend testing for thyroid function after surgery in patients with CD.
It is well known that glucocorticoids exert an inhibitory action on the hypothalamic-pituitary-thyroid axis (3, 5) . Previous reports documented that glucocorticoids decreased the release of TRH and TSH in the hypothalamic and pituitary (11, 12, 13, 14, 15, 16) , and increased type 2 deiodinase (D2) activity, which was known to mainly convert T4 to T3 in the central nervous system, and eventually suppressed TSH and thyroid hormone (T3 and T4) secretion (17, 18) . The glucocorticoids also decreased type 1 deiodinase (D1), known to convert serum T4 to T3 (17) , and that possibly explains the relatively normal T4 and FT4 concentrations in active CS. There have been few studies showing the correlation between serum cortisol and thyroid hormones (19) . In our study, we found significant negative correlations between thyroid hormones (TSH, T3 and FT3) and cortisol levels both before and after surgery. In the remission group, as the glucocorticoid concentration went down, TSH, T3 and FT3 increased significantly. TSH's immediate increase after surgery was very likely to be caused by reduced D2 activity in the central nervous system. The mechanism of high T3 and FT3 might be the rise of TSH level and D1 activity in the periphery. A previous study reported elevated FT3 with unsuppressed TSH in CS patients 1 month after surgery (9) . They recruited eight patients and measured TSH, FT3 and FT4 only at 1st, 3rd, 6th and 12th month. Our study included closer monitoring of patients' thyroid function postoperatively and we found that TSH increased immediately after surgery. T3 and FT3 went down on the first day after surgery and then rose up notably. The transient decrease of T3 and FT3 may be explained by 'low-T3 syndrome' resulting from surgery stress. Throughout our 1-year follow-up, T4 did not fluctuate as notably as TSH, T3 and FT3 did, and 96.4% (27/28) of patients in the remission group constantly maintained normal T4 level. This may be due to increased conversion from T4 to T3 in the periphery.
Space-occupying lesion of the pituitary is the most common cause of central hypothyroidism, which is defined as low thyroid hormones in conjunction with a low or inappropriately normal TSH level. However, microadenomas are commonly thought unlikely to compromise pituitary functions (20) . As is known, microadenomas are quite common in CD. Nestoras Mathioudakis reported (21) that the prevalence of central hypothyroidism was higher in ACTH micros (18%) compared with prolactin micros (1%) and nonfunctioning adenomas (NFAs) (0%). Nevertheless, they found no correlation between free T4 or TSH and the degree of hypercortisolism in that study. In our study, we found no correlation between tumor size and thyroid hormone/serum cortisol. Marked correlations between thyroid hormones and serum cortisol were observed. All patients received transsphenoidal surgery at the same clinic by an experienced surgeon. Therefore, we considered that the changes of thyroid hormones in CD were related to serum cortisol alternation, rather than surgery. Normalization of hypercortisolism of CS is associated with the induction of autoimmunity (22) . Some studies attributed the high TSH with/without low FT4 to exacerbation of underlying autoimmune disease along with the decline of serum cortisol concentration, sometimes accompanied by the increased titer of antithyroid antibodies (23, 24) . In our 1-year follow-up (n = 28), TSH, T3 and FT3 levels significantly rose up after surgery in the remission group. FT4 levels decreased on the third and sixth months. Moreover, in the hormone evaluation of all the CD patients (n = 102), we found that FT4 in the remission group (n = 81) became significantly lower after surgery. Also, the postoperative FT4 in the remission group (n = 81) was lower than that in the nonremission group (n = 21) on the third month. This may be due to transiently increased conversion from T4 to T3 along with the disinhibition of D1. Furthermore, we find no significant fluctuation of anti-thyroperoxidase antibodies or antithyroglobulin antibodies by 1 year after surgery. Therefore, for now, we hold the view that high TSH with low FT4 after remission of CD is caused by the reduction of serum cortisol, and it should not be defined as primary hypothyroidism. However, as previous studies showed the elevation of thyroid autoantibodies could occur from the second month to the eighth year after surgery (24) , further follow-up should be needed for the thyroid autoantibodies to exhibit probable significant alternation. 
Limitation
The changes of thyroid functions of adrenal adenoma and EAS after surgery were not elucidated.
Conclusion
Our study revealed the inhibitory action of endogenous hypercortisolemia on hypothalamic-pituitary-thyroid (HPT) axis, in which TSH, T3 and FT3 levels were suppressed. There were negative correlations between serum cortisol and thyroid hormones (TSH, T3 and FT3). After remission of CD, TSH, T3 and FT3 increased significantly, even above the reference range, and mostly returned to normal 1 year after surgery. The changes of thyroid hormones in CD were associated with serum cortisol alternation, not surgery. Antithyroid antibodies showed no significant change after remission of CD. We recommend testing for CS in patients with low thyroid hormones and low TSH. In addition, post-treatment CD patients with high TSH and T3 should be carefully investigated so as not to be misdiagnosed with hyperthyroidism. The molecular mechanism of the changes of thyroid functions after remission of CD is not fully elucidated.
